Trichloroethylene is an organic chemical that has been used in dry cleaning, for metal degreasing, and as a solvent for oils and resins. It has been shown to cause liver and kidney cancer in experimental animals. This article reviews over 80 published papers and letters on the cancer epidemiology of people exposed to trichloroethylene. Evidence of excess cancer incidence among occupational cohorts with the most rigorous exposure assessment is found for kidney cancer (relative risk lRR] = 1.7, 95% confidence interval [Cl] 1.1-2.7), liver cancer (RR = 1.9, 95% Cl 1.0-3.4), and non-Hodgkin's lymphoma (RR = 1.5, 95% Cl 0.9-2.3) as well as for cervical cancer, Hodgkin's disease, and multiple myeloma. However, since few studies isolate trichloroethylene exposure, results are likely confounded by exposure to other solvents and other risk factors. Although we believe that solvent exposure causes cancer in humans and that trichloroethylene likely is one of the active agents, we recommend further study to better specify the specific agents that confer this risk and to estimate the magnitude of that risk.
Introduction
This article is a review of the epidemiologic evidence regarding the possible carcinogenicity of trichloroethylene (TCE). The basic approach adopted uses as guidance Hill's (1) framework for assessing causality and is based on the substantial epidemiologic literature reporting possible exposure to TCE. This literature of over 80 published artides on TCE's carcinogenicity to humans includes more than 20 reports on worker cohorts, more than 40 case-control studies, more than a dozen community-based studies, and several commentaries and reviews. We begin with a brief consideration of the experimental (animal) evidence for context. Then we review the epidemiologic evidence, beginning with the cohort studies in which temporality is inherent, assessing strength, consistency, and exposure response (biologic gradient). We consider the case-control studies to determine if they provide supporting evidence. Then we consider the community-based studies, which have less accurate, less precise, and less specific exposure information. We condude with a discussion of all of these data and the previous reviews and commentaries.
One of the biggest challenges in interpreting the studies involving exposure to TCE is that exposure rarely occurs in isolation. That is, most workers exposed to TCE also are exposed to other solvents. This compromises our ability to make solvent-specific response evaluations. While we attempt to focus on TCE-specific effects, we are limited by the quality and specificity of the exposure data developed for the studies reported.
Evidence from Animal Studies Trichloroethylene is an organic chemical that has been used for dry cleaning, for metal degreasing, and as a solvent for oils and resins. Because of widespread occupational exposures, scientists have investigated its carcinogenicity in animal models. It has been found to be carcinogenic in both mice and rats, which suggests that it may also be carcinogenic to humans. A 1975 National Cancer Institute (NCI) cancer bioassay report shows increased liver cancer in both male and female mice that had been administered TCE by gavage (gastric intubation) (2) . Although the TCE used in the NCI study was technical grade (containing a small amount of epoxybutane and epichlorohydrin), a later replication of this experiment using a pure solution of TCE has similar findings. Additional bioassays show evidence of malignant tumors of the liver in mice by either respiratory (3, 4) or oral exposure (5) , although rats treated in a similar manner show cancer rates comparable to those of untreated controls (6) . The occurrence of these liver tumors in mice is limited to B6C3F, and Swiss strains; a number of studies in other strains do not show elevated incidences in liver tumors in treated versus control animals. There is some belief that the B6C3F, mouse is particularly prone to liver tumors, suggesting that it may be a particularly sensitive test animal. Besides liver tumors, lung tumors (3, 4, 7) , and lymphomas (5) are found in mice inhalation studies.
Male and female rats exposed to TCE both orally by gavage and via inhalation develop renal tubular adenocarcinomas at low incidences (3, 4) . These tumors are very rare among rats, and their occurrence in the TCE bioassays is considered biologically significant, even though the increased incidences are not statistically significantly elevated above those of controls. Additionally, Leydig cell tumors of the testes (3, 8) (inhalation) and leukemia (4) in rats are observed.
Methods Identification ofRelevant Studies
To conduct this review of the epidemiologic evidence on the carcinogenicity of TCE exposures, we identified epidemiologic studies of populations with known, suspected, and possible TCE exposure. Starting with the most recent reviews, we followed back the literature and obtained more than 80 published articles or letters, and several unpublished reports. This was followed by a MEDLINE search (9) , which turned up a few additional articles. The majority of studies available are occupational studies. There are 28 cohort studies (of 20 cohorts) that summarize outcomes in groups of exposed workers compared to those not exposed (often the general population), 43 case-control studies (mainly at 15 anatomical sites) in most of which the occupational or exposure history of workers with a particular cancer compared to that of others without that specific cancer (sometimes workers, sometimes the general population), 15 reports of community-based studies of disease rates in communities with contaminated water supplies, and 3 case series reports on cases without a comparison population. Note that the term cohort refers to groups of individuals followed from a disease-free state regardless of the measure of effect used (standardized incidence ratio [SIR] ; standardized mortality ratio [SMR] ; standardized mortality odds ratio [SMOR] ; proportionate mortality ratio [PMR] ).
Three of the cohort studies we identified allegedly resulted from apparent clusters of disease (10) (11) (12) ). An argument can be made that studies initiated by a cluster report, even though the studies are traditional and rigorous cohort designs, should be excluded from summaries such as this simply because it was the observation of an apparent cluster that generated the interest. Implicit in those investigators' arguments is the assumption that inclusion of these cohorts somehow biases the overall assessment. We disagree, provided the study is a well-conducted study.
We include all studies that we have been able to identify in which the population had documented or even plausible exposure to TCE regardless of why the study was undertaken. We did not include cluster studies per se but only the cohort studies that ensued. By examining all published cohort studies in conjunction with the case-control-and community-based studies, we believe we can provide useful insight into the possible association between TCE exposure and the site-specific risk of cancer. Exposure Assessment To study TCE as a cause of cancer, it is necessary to document that the people more likely to have disease are also the people more likely to have been exposed to TCE and ideally more highly exposed to TCE. In a few of the studies, exposures are determined quantitatively from chemical measures of the TCE metabolite trichloroacetic acid (TCA) in the workers' urine (U-TCA), which is considered a biomarker. This provides a quantitative measure of exposure that, in many ways, is preferable to qualitative or descriptive exposure metrics. One limitation of this approach is that it is a short-term measure reflective of exposures received over the past day and does not capture the long-term nature of exposure including variation in an individual's job history. In addition, variation caused by sampling frame and changes in industrial process are not accounted for in short-term biomarker studies and may lead to misclassification. Further, this biomarker does not provide information about possible exposure to other risk factors including other solvents that may confound the association under study.
For example, TCA is also a metabolite of tetrachloroethylene (PERC), another commonly used solvent in the workplace. Urine samples for which TCA is measured are not specific to TCE when exposure to TCE and PERC occur jointly, which can lead to misclassification. Only one study addressed this limitiation by using separate biologic measures, one each to estimate TCE, PERC, and 1,1,1 -trichloroethane exposures. We divide the cohort studies into three tiers based on the specificity of the exposure information. Tier I studies are those in which TCE exposure has been inferred for individual study subjects and in which it is best characterized. This includes studies that used biomarkers and JEMs, and studies that conducted other worksite exposure evaluations such as walkthroughs. Tier II studies are those in which there is putative TCE exposure, but individuals are not identified as uniquely exposed to TCE. Tier III studies are the studies of dry cleaner and laundry workers in which subjects are exposed to a variety of solvents including TCE. There are 11 Tier I studies describing seven cohorts, 8 Tier II studies describing seven cohorts, and 9 Tier III studies describing six cohorts. Characteristics of these studies are shown in Tables 1-3. Case-control studies mainly use job titles to describe exposures. We do not subdivide these. Community-based studies are far fewer in number and use a variety of methods to describe exposures. Again, these are not subdivided.
Study Summary Methods
Given the large number of studies to assess, we use an ad hoc system to summarize the data. First, we consider cohort studies as most reliable design of the studies reviewed. To avoid undue heterogeneity among the tiers, we summarize the studies separately for each tier, providing an estimate of the average risk (16) . For those studies not reporting the variance, we calculated it using the formulas presented by Rothman and Boice (17) . In situations where the reported confidence interval was not symmetric about the reported odds ratio (on a log scale), we recalculate the individual lower confidence limit based on the reported upper confidence limit, for consistency in the average.
Results

Cohort Studies
Tier I cohort studies. This set of studies (Table 1 ) determines exposures using urinary biomarkers (18) , job exposure matrices (19) (20) (21) (22) (23) , and job histories (10, 24 (18) , all exhibiting a moderate healthy-worker effect.
Tier II cohort studies. Several studies (Table 2 ) evaluate the mortality experience of workers using job titles and other general information to assess potential exposure to TCE and other chemicals. These include studies of the U.S. Coast Guard inspectors (27) , workers in the metal polishing and plating industry (28) , jewelry workers (29), (104) bladder, prostate, ovarian) Ritz (23) Occupation workers in aircraft manufacturing (30) , workers in lamp manufacturing (11) , workers at a plant using TCE as a degreasing agent (31) , and workers in paperboard printing (12, 32) . These studies are very heterogeneous and few have any exposure data.
Implicit in the analysis of these data is the assumption that all members of the cohort have greater exposure to TCE than the comparison population; however, much uncertainty attends this assumption. Exposures among individuals with the same job title likely vary considerably. Patterns of disease may be suggestive but cannot be conclusive in light of the possible unadjusted confounding and lack of individual TCE exposure estimates. Overall, total mortality and total cancer mortality SMRs are near 1.0, suggesting a weak or nonexistent healthy worker effect.
In the study of Coast Guard inspectors, exposure to chemicals including organic solvents is categorized into three classes by reviewing job duties, recognizing that various solvents were used on the job (27) . Several of the other studies characterize exposures by job title only, even though exposures were far more complex. For example, metal polishing and plating workers are exposed to heavy metals, acids, alkaline solutions, and solvents (28) , jewelry workers are exposed to heavy metals and solvents (29) , and aircraft manufacturing workers are exposed to metals, oils, paints, solvents, and other chemicals (including an estimate based on a case-control study of 70 subjects in which 37% of the jobs had TCE exposure (30) . In all of these studies, all workers are considered exposed and compared to a putatively unexposed reference population. In several of the studies, exposure-response analyses were conducted using years of exposure as a proxy. The study of lamp manufacturing included review of reported amounts of chemicals used in the facility including methylene chloride and TCE (11) .
The final study in this tier reported on paperboard printing in which TCE was used in the finishing department. Exposure can be inferred from the identification of a materials safety data sheet (MSDS) listing TCE as a possible chemical exposure, and from a letter from a National Institute of Occupational Safety and Health (Cincinnati, OH) investigation, in which the specific TCE-containing product is identified for use in the finishing department (33) .
One study is not included in the analyses because mortality outcomes are only broadly grouped, e.g., respiratory system, and not presented for specific sites such as the kidney or liver (31) .
Tier III cohort studies. Several studies ( Table 3 ) of cancer mortality among dry cleaner and laundry workers have been conducted (15, (34) (35) (36) (37) (38) (39) (40) (41) . Exposures are assessed through job title only. As noted above, the solvents used in dry cleaning changed over time. TCE was mainly used prior to 1960, after which it was replaced by PERC. Thereafter, its use was primarily for spot removal, but dry cleaners often preferred Stoddard's solvent. The studies included in this tier all report on workers initially employed prior to 1960 to ensure that there 
Ruder ( was an opportunity for exposure to TCE. Laundry workers are often included in dry cleaner cohorts even though they likely do not have any TCE or PERC exposure; this results in further misclassification (35, 36, 40, 41 Morgan (22) reports mortality results for dichotomous exposure categories separately for peak and cumulative exposure metrics based on analyses with the Cox proportional hazards model. Ritz (23) presents data cross-classified by two levels of exposure, two lag periods (0 and 15 years), and two periods of exposure duration (> 2 years, > 5 years). Boice (21) reports data for TCE-exposed workers stratified by years exposed. Specific patterns of exposure response will be discussed below.
Case-Control Studies
Several case-control studies were conducted for situations of likely TCE exposure.
These include studies of bladder cancer (12, (42) (43) (44) (45) , brain cancer (46, 47) , buccal and oral cancers (48, 49) , childhood brain cancer (47) , childhood leukemia (50) 
Community-Based Studies
Community-based studies of TCE exposure are a set of investigations in which group exposure is determined by place of residence or water supply and in which there is limited or no information on possible confounding variables. In general, these are cross-sectional studies of cancers, often childhood cancers, and drinking water contamination (85) (86) (87) (88) (89) (90) (91) (92) (93) (94) (95) (96) (97) (98) (99) . The study with the most sophisticated exposure assessment, conducted in Finland, used U-TCA, a biomarker of TCE exposure in residents, to assess the possible association of drinking TCE-contaminated water and cancer (87) . In all the other studies, exposures are inferred from measurements of contaminants in the drinking water source (85, 89, 90) and/or numerical models providing estimates of contaminants in the water (86, 99) , or proximity to hazardous waste sites containing TCE (88, (91) (92) (93) (94) (95) (96) (97) (98) These studies are of particular interest for at least two reasons. First, these studies have relatively high statistical power (i.e., the ability to detect an effect if one exists) even though exposure levels are relatively low because of the large number of subjects con Tables 10-12 , and for the community-based studies in Table 13 . We summarize the overall evidence in Table 14 (58), and Siemiatycki (84) conducted population-based case-control studies. In all of these studies, there are concerns about selection bias, blinding of investigators or interviewers, and particularly exposure characterization. Some studies use job titles to infer exposure (60, 63, 67) , one compares dry cleaning workers to laundry workers (59), others assess risk to subjects exposed to general classes of solvents (57, 63) , and still other studies ask about exposure to specific agents or used more sophisticated exposure characterizations ( Elevated odds ratios for kidney cancer are found for four different exposure classifications: degreasing agents (including TCE ) (60, 61, 66) , solvents (61, 63, 65) , the iron/ steel industry (likely including exposure to degreasing agents or solvents) (58, (62) (63) (64) (65) , and dry cleaners/laundry workers (60, 64, 65) . A few studies assesses TCE exposure specifically (66, 68, 84 (66) , is hospitalbased using accident victims as controls. The study was conducted in an area of Germany containing a large number of metal-working shops using TCE for degreasing purposes. The authors report that exposure is principally to TCE rather than to complex mixtures found in many other studies. This investigation reports a large and a statistically significant (but relatively imprecise) elevated adjusted odds ratio (OR) = 10.8, 95% CI 3.4-34.8) with 19 exposed cases. Limitations include the fact that the controls are not matched and substantial demographic and behavioral differences may exist between cases and controls, raising questions of control selection bias, and the source of the population is a hospital (i.e., Berkson's bias). The exposure data are collected by personal interview conducted by physicians, with possible recall bias and reporting bias. Nonetheless, the difference between this reported OR and the average risk in the Tier I cohort studies is striking. It may, in part, reflect differences in exposures between biomarker studies (generally < 40 ppm) (18, 24) and subjects in this study (66) who experienced narcotic symptoms, which can occur only at much higher exposure levels [e.g., 200 mL/m3, Stopps (106)]. These findings are also supported by the results of Dosemeci et al. (68) .
Confounding and effect modification may be important in interpreting these studies. Devesa et al. report that cigarette smoking is associated with higher risks for renal and bladder cancers (107) . However, consideration of other smoking related sites (e.g., lung) does not reveal a strong smoking effect. Brownson reports that cigarette smoking is an independent risk factor for renal cancer, but alcohol consumption is not (108) . Potential confounding or modifying agents are not considered in most of the studies we review. None of the community-based studies report on kidney cancer incidence.
In summary, the cohort studies provide strong evidence and the case-control studies provide supporting evidence of an association between the incidence of kidney cancer among workers exposed to (40) , while four other studies show slightly depressed risk of mortality. The study with the elevated rates among females had more cases (i.e., 14 incident cases) than the other four studies combined (i.e., 11 deaths). The relationship between work as a dry cleaner or laundry worker and liver cancer is not clear, although this observation is limited by the statistically small number of liver cancer cases and deaths.
The results of the case-control data are reported in Table 11 . Most studies assess organic solvents generically or dry cleaning and laundries, limiting interpretability with Non-Hodgkin's lymphoma. Elevated nonHodgkin's lymphoma risks are found in the Tier I, case-control, and community-based studies supporting the hypothesis that TCE exposure is associated with cancer at this site. Two of four Tier I reports have elevated incidence of non-Hodgkin's lymphoma (although the two for which it was not elevated were the gender-specific rates from the same study). The average incidence rate is elevated (RR = 1.5, 95% CI 0.9-2.3) and is based on 22 cases. Mortality is elevated in two of three reports, with an average of RR = 1.2, 95% CI 0.9-1.7 based on 56 deaths. Risks appear to increase with increasing latency (time since first exposure) in the biomarker study of Anttila et al. (24) and with mean exposure in Axelson et al. (18) . There is no clear exposure-response pattern in the Boice et al. data (21) .
Results of Tier II and Tier III studies are considered null in that there was only weak evidence for an association and results are based on 8 incident cases and 20 deaths. Again, this may be due in part to the less robust definition of exposure in these studies compared to that in the Tier I studies.
The findings from the case-control studies (54) (55) (56) (78) (79) (80) 83, 84) shown in Table  12 add further support for an association between solvents, specifically TCE, and nonHodgkin's lymphoma. Six of seven studies showed elevated ORs, two were statistically significant, and several reported TCE (rather than general solvent) exposure.
Similarly, findings from two communitybased studies support an association between non-Hodgkin's lymphoma and drinking water exposure although the mixed solvent exposures in these studies make this result difficult to interpret.
Hodgkin's disease. Elevated risks for Hodgkin's disease are found for incidence and mortality in the Tier I studies, mortality in Tier III studies, and case-control studies, with solvent exposures supporting a possible TCE-related etiology. In Tier I, both biomarker studies report excess incidence, although case numbers are very low, and three of four mortality studies report excess risk. In Tier II, only one of five studies shows excess mortality risk, although again, case numbers are very small. In Tier III, only one study reports on Hodgkin's disease, but it shows excess mortality risk. The three case-control studies (Table 12) , all with substantial numbers of cases, show risks between 2.8 and 6.8. Only one community-based study reports on Hodgkin's disease, with mixed results for two communities (87 (23) (0.7-1.7) 1.9 (10) (0.9-3.4)
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Pancreatic cancer. Pancreatic cancer results are mixed in the Tier I and II studies but more consistent and stronger in the dry cleaning and laundry worker (Tier III) studies. The average RRs in the Tier III studies for incidence (RR= 1.7, 95% CI 1.2-2.6) and mortality (RR-1.3, 95% CI 1.0-1.7) are both elevated based on 22 and 42 cases, respectively. Since the average 5-year survival for people with pancreatic cancer is below 5% (103), incidence and mortality are of comparable validity as measures of effect. There is evidence for a protective effect from the case-control studies with solvent exposure (82, 83) , evidence for cancer risk with TCE exposure (83) , and evidence for cancer risk with dry cleaning and laundry work including an exposure-response relationship (81) . Since the effect is strongest in Tier III studies and also seen in dry cleaner and laundry worker studies, this outcome is likely to be linked to dry cleaner exposures. However, the lack of more defined exposure assessments in the dry cleaner studies precludes drawing conclusions about a specific solvent. Random variation is another possible but unlikely explanation for the observed results. The evidence for an association between TCE exposure and pancreatic cancer is null to weak for TCE but moderate for dry cleaner exposures.
Other cancers. The cohort studies provide weak supportive data of an association between TCE exposure and multiple myeloma, and prostate and ski cancers. Further data and study are needed to be able to make any inferences.
The leukemia results of the case-control and community-based studies are intriguing. The studies conducted of children in Woburn, Massachusetts, provide particularly thorough evaluation, with the most recent studies explaining the leukemias in children born after the contaminated wells were closed by documenting in utero exposures (86, 99, 112) . Of the community-based studies conducted in six different regions, all but one of the regions have an excess incidence of leukemia in at least one gender. Unfortunately, inferences regarding TCE and leukemia are limited because these drinking water/hazardous waste site studies are not sufficiently specific to a single causative agent and generally do not adjust for confounding factors. The results are not supported by the cohort studies that show little evidence of leukemia risk from TCE exposure. However, we suggest that in light of the preponderance of excess leukemia in these drinking water/hazardous waste site studies, it is important to determine the likely risk factor for this disease, be it TCE, some other compound in the drinking water (e.g., trihalomethanes), some other factor, or some combination of factors.
Two sites that show strong associations with dry cleaning and laundry work but not TCE exposure are bladder and esophageal cancers. Bladder cancer is elevated in the most well-designed cohort studies of dry cleaners (15, 39) and in only one of the three studies reporting on dry deaners and laundry workers together. On average, the risk was statistically significantly elevated. This increased risk of bladder cancer is also supported in the case-control studies (42) (43) (44) (45) . Esophageal cancer is elevated in the two dry cleaner cohorts reporting this outcome (15, 39) and elevated in one case-control study (49) . An excess of esophageal cancer is not found among laundry workers, a population similar to dry cleaners but without exposure to PERC (53) . These observations suggest that PERC is the likely etiologic agent for both of these outcomes but warrant further investigation for confirmation and to adjust for other known risk factors for cancer at these sites.
Summary ofResults
A summary of results is provided in Table 14 . The cancer sites are ordered by those showing evidence in animal studies, followed by those showing evidence in Tier I cohort studies, followed by the other sites examined. Sites showing statistically significant average risks are denoted with "+++"; those with average risks above 1.2, with "+"; those within the range from 0.8 to 1.2, by "0", and those below 0.8, by "-". "H" is used to signify substantial variation among the studies. Sites that show the most consistent and compelling results with respect to TCE exposure and cancer are the kidney and liver. The next most compelling results with respect to TCE exposure are for Hodgkin's disease, nonHodgkin's lymphoma, and cervical cancer. For dry cleaners and laundry workers, presumably due to PERC exposure, the most compelling results are found for kidney, liver, cervical, lung, esophageal, and pancreatic cancers and multiple myeloma. Weaker results were found for laryngeal, colon, and prostate cancer with TCE exposure, and for bladder cancer among TCE-exposed dry deaners and laundry workers.
In general, exposure-response gradients are observed in two or more studies for cancers of the kidney, liver, and specific lymphatic tissues. The overall effects are moderate but consistent across studies.
Discussion
At the outset, it is important to note some of the limitations of our analysis. First, we recognize that the summary relative risks we report for each tier of cohort studies is highly dependent on the selection of cohorts for each tier. We do include in our analysis all cohorts that report data by anatomical site. The three-tier classification scheme we use is based on our assessment of the quality of the exposure data for TCE-exposed workers.
Second, as noted above, the exposure information available is rather crude and does not isolate TCE. The crude exposure information most likely biases results toward the null. The failure to isolate TCE from other occupational exposures, including other solvents, could bias the results in either direction. Of particular concern is the possibility that exposures from different solvents are (5) (0.5-3.5)
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1.4(11) (0.7-2.6) 1.4 (9) (0.6-2.6) correlated with one another and one of the others may be carcinogenic. Third, we note that few of the more traditional confounding variables (e.g., smoking, alcohol consumption) are assessed in any study. We believe it unlikely that adjustment for these factors would result in substantial changes in the reported risks but cannot rule it out.
Fourth, there is only limited exposureresponse data, which limits our ability to make inferences. (0.6-1.5) 0.8 (45) (0.6-1.1)
Fifth, the occurrences of the diseases studied are relatively rare, limiting the sensitivity of the studies reviewed. In short, there are many limitations to the set of studies that we consider in this review. Nonetheless, we believe that there is substantial consistency across studies, which suggests that it is unlikely that any of these concerns have a substantial effect on our analysis.
Others view the consideration of the possible carcinogenicity of TCE as a controversial topic. In addition to several reviews human evidence evidence (13). (115) and Swaen (116) about the design of their study (10) , calculate the combined OR among six case-control studies (60) (61) (62) (63) (64) 83) McLaughlin and Blot (116) subsequently review the epidemiology of TCE and kidney cancer in seven cohort studies (10, 18, 19, 24, 30, 31, 104) and six case-control studies (57, (60) (61) (62) 83, 84) In their discussion, they fail to distinguish results either between men and women or incidence and mortality, and argue that none of the cohort studies except "the methodologically questionable" Henschler et al. study (10) The newest data on kidney cancer suggest different interpretations, although Weiss (6) and McLaughlin and Blot (117) caution the reader on the interpretation of these results because the Tier I cohort studies they had available showed, at best, a weak response. They also suggest exclusion of the Henschler et al. study (10) because it was a follow-up from a cluster report, a judgment with which we disagree. We found that updates of two Tier I cohorts (20, 22) show positive results as do some additional case-control results. With these additional data, the association is even more convincing to us, although we are still plagued by our inability to isolate TCE exposure from PERC exposure. One also must note the low exposures reported in most of the Tier I cohort studies, which may limit the resolving power of these studies but not the importance of the observed association. For the liver data, Weiss (6) raises concerns with the possible mechanism of disease and appropriately criticizes that lack of more specific outcome data (i.e., the separation of the data on cancer of the biliary tract from that of liver cancer). Nonetheless, the data from Tier I, Tier II, and the case-control studies by and large support this association. Interestingly, the Tier III data are inconsistent, as are the case-control data on dry cleaners and laundry workers, suggesting that, in contrast to kidney, TCE is implicated although PERC is not.
Overall, our analysis is consistent with that of IARC (13) and Weiss (6) but suggests more strongly an association of TCE exposure with kidney and liver cancers and some support for Hodgkin's disease and nonHodgkin's lymphoma. There is also a possible association of cervical cancer with TCE or PERC exposure. Some data suggest associations between TCE exposure and multiple myeloma and prostate, laryngeal, and colon cancers. There is support for an association between dry cleaning and laundry work (likely PERC exposure) and kidney, pancreatic, cervical, esophageal, and lung cancers, and some support for bladder and colon cancers. These data warrant follow-up and further study. Overall, the results are consistent despite the wide variety of studies and exposures, and we strongly urge further study of cancer risk from solvent exposures in general, and TCE and PERC in particular.
Finally, the data on community exposure to contaminated drinking water and leukemia are striking, although no particular agent has been identified adequately because exposures are all to complex mixtures of chemicals.
In terms of Hill's aspects of causation (1), we find moderate support. The strength of association for kidney and liver cancer and non-Hodgkin's lymphoma using our average risks from Tier I are 1.7, 1.9, and 1.5, respectively. These values are moderate but based on a substantial number of cases. There results are relatively consistent, with most studies reviewed showing elevated risks. TCE is not specific, as evidenced by the multiple cancers we study. Since we give the greatest weight to the cohort studies, we are emphasizing the cohort studies for which there is implicit temporality. There are limited data on biologic gradient (or exposure response), but these data tend to support an association. The paucity of such data limits our ability to assess this aspect. There is plausibility for several of the cancers mentioned, as noted in other articles in this monograph. There is coherence in that we do not believe the natural history and biology of the diseases conflict with TCE causing cancer. There is experimental evidence in the animal bioassay literature, as described in the introduction of this article. Finally, we do not know of any appropriate analogy for TCE, although this may reflect our lack of imagination more than the absence of the analogy. In short, although this is a subjective judgment, TCE scores quite high on Hill's aspects of causation.
Future Research Directions
There are two main areas in which we feel further research is needed. First, as the next step in the analysis of extant data, we recommend that a meta-analysis be conducted. The goal of this study would be to try to isolate factors that help explain the observed risks, as well as to better quantify the risk. One would have to focus carefully on the possible heterogeneity among studies, carefully considering which groups of studies to combine. When combining studies in an analysis, it would be useful to identify specific design and other study differences that might help explain the variation in results among studies. In addition, assessment of influence and publication bias could be helpful.
Second, further studies of workers exposed to solvents could be helpful in elucidating the observed cancer risks. Other reviews also have found excess cancer risk (118, 119) . In particular, biomarker studies, which enable researchers to isolate exposures to specific solvents, could be helpful in unraveling some of the apparently conflicting results reported herein. It would be important to separate exposures of TCE, PERC, 1,1,1-trichloroethane, methylene chloride, carbon tetrachloride, toluene, xylene, and benzene, among other solvents. Studies should include dry cleaner and laundry workers as a particularly at risk population. Special attention should be paid to possible confounding variables such as socioeconomic status in the reports of cervical cancer that may help explain the observed excesses. The most efficient approach would be to use a case-control study nested within an occupational cohort with known TCE exposure.
